Pleistocene biogeographic events have traditionally been ascribed a major role in promoting speciations and in sculpting the present-day diversity and distributions of vertebrate taxa. However, this paradigm has recently come under challenge from a review of interspeci¢c mtDNA genetic distances in birds: most sister-species separations dated to the Pliocene. Here we summarize the literature on intraspeci¢c mtDNA phylogeographic patterns in birds and reinterpret the molecular evidence bearing on Pleistocene in£u-ences. At least 37 of the 63 avian species surveyed (59%) are sundered into recognizable phylogeographic units, and 28 of these separations (76%) trace to the Pleistocene. Furthermore, use of phylogroup separation times within species as minimum estimates of`speciation durations' also indicates that many protracted speciations, considered individually, probably extended through time from Pliocene origins to Pleistocene completions. When avian speciation is viewed properly as an extended temporal process rather than as a point event, Pleistocene conditions appear to have played an active role both in initiating major phylogeographic separations within species, and in completing speciations that had been inaugurated earlier. Whether the Pleistocene was exceptional in these regards compared with other geological times remains to be determined.
INTRODUCTION
The Pleistocene epoch that began about two million years ago was a time of extraordinary oscillations in global climate (Berger 1984) . Pronounced global cooling on a 100 000-year cycle spawned continental glaciers that extended far into Europe (to 528 N) and North America (to 408 N). Climatic warming with conditions more like those of Recent times (last 10 000 years) periodically interrupted the ice ages. Climatic sub-oscillations were nested within the main cycles, and similar £uctuations probably occurred in the Tertiary as well. The e¡ect of such climatic changes on the geographic distributions of species was profound (Webb & Bartlein 1992) .
Conventional wisdom is that Pleistocene climatic cycles precipitated a large proportion of speciation events between extant sister taxa. Under typical Pleistoscenarios', a widespread ancestral population became sundered into separate glacial refugia where allopatric divergence leading to speciation was initiated. Recently, Klicka & Zink (1997; see also Zink & Slowinski 1995) challenged this paradigm as it had been applied to avian species (for examples, see Rand 1948; Mengel 1964; Selander 1971; Gill 1995) . In a review of mitochondrial (mt) DNA sequence divergences among North American songbirds, Klicka & Zink (1997) found that only 11 of 35 pairs of sister species (31%) dated to Quaternary separations under a conventional mtDNA clock calibration. The remaining pairs displayed genetic distances indicative of a protracted history of speciations over the past ¢ve million years. Klicka & Zink (1997) concluded that The most recent glaciations were not, it seems, the force driving songbird diversi¢cation so much as they functioned as an ecological obstacle course through which only some species were able to persist. The entrenched paradigm proclaiming that many North American songbird species originated as a consequence of these glaciations is £awed.' Did Pleistocene environmental changes truly have little impact on extant avian diversity beyond an evolutionary ¢ltration of pre-existing genetic variety? Here we extend the procedures of Klicka & Zink (1997) to an analysis of phylogeographic divergence among conspeci¢c avian populations. Results indicate that Pleistocene biogeographic factors promoted substantial microevolutionary genetic diversi¢cation in birds.
MATERIALS AND METHODS
Studies included in this review met two criteria. First, they involved assaying of at least 200 base pairs (bp) of mtDNA sequence per individual, either as the sum of recognition sequences of multiple enzymes in restriction fragment length polymorphism (RFLP) assays of whole mtDNA, or as direct sequences of particular genes. Second, conspeci¢c samples were taken from multiple widely spaced geographic locales. By these criteria, we found reports on a total of 63 avian species.
Sequence divergence estimates ( p) between mtDNA haplotypes were taken from the original papers. Where it was possible from data provided, we also calculated`net' sequence divergence between main phylogroups using the procedure Estimates of p were converted to absolute time by using a conventional avian mtDNA clock: 2% sequence evolution between a pair of lineages per million years (Brown et al. 1979 ; avian references reviewed in Klicka & Zink 1997) . For studies that assayed a hypervariable portion of the control region, a ten-fold faster calibration was employed following Quinn (1992) and . Molecular clocks are fraught with uncertainties (for examples, see Martin & Palumbi 1993; Rand 1994; Mindell & Thacker 1996) , and rates can vary even among related taxa (Zhang & Ryder 1995) . In the future, it may be useful to revisit the issues raised in this paper using detailed molecular-clock appraisals of mtDNA sequences both within and between the species under scrutiny. For now, the clock calibration employed is identical to that used by Klicka & Zink (1997) and, thus, permits direct comparisons between the two summaries with regard to any general trends.
RESULTS
A total of 37 of the 63 avian species analysed (see table 1) displayed a`category I' phylogeographic pattern as de¢ned by Avise et al. (1987) . In this pattern, signi¢cant mtDNA phylogroups (as gauged by bootstrapping, for example) exist in the intraspeci¢c matrilineal gene tree, and these phylogroups display a strong geographic orientation. In most cases, the assignment of a species to phylogeographic category I was unambiguous. In ¢gure 1, two examples involving Ammodramus sparrows are illustrated.
For four avian species surveyed (table 1) , recognizable phylogroups in the intraspeci¢c mtDNA gene tree were broadly sympatric (phylogeographic category II; Avise et al. 1987) . The remaining 22 surveyed species (35%) displayed either`shallow' (categories III, V) or no (category IV) mtDNA phylogeographic population structure across the species' monitored range.
For avian species in phylogeographic categories I and II, sequence divergence estimates between the intraspeci¢c phylogroups (when based on RFLP or cyt b analyses) ranged from p 0.004 to p 0.085 (table 1) . Under the above-mentioned clock calibrations, these translate into population-separation times ranging from about 0.2 to 4.2 million years BP. A histogram of divergence times between these intraspeci¢c phylogroups is compared with a similar plot of sister-species divergence times in ¢gure 2. Out of 37, a total of 28 pairs of intraspeci¢c phylogroups (76%) show evidence of separation dates that fall within the Pleistocene. The di¡erence between this proportion and the corresponding fraction of sister-species pairs that by the same criteria date to Pleistocene origins (31%; Klicka & Zink 1997 
DISCUSSION (a) Pleistocene intraspeci¢c phylogeography
The current data compilation indicates that the main phylogeographic subdivisions within avian species frequently date to Pleistocene population separations. Indeed, in several studies that identi¢ed the main intraspeci¢c phylogroups, the authors invoked explicit Pleistoscenarios to account for the phylogeographic outcomes. For example, from an integration of mtDNA data (see ¢gure 1) with evidence from morphology and behaviour, Rising & Avise (1993) hypothesized glacial refugia and subsequent range expansions of two main phylogeographic units in the sharp-tailed sparrow.
Thus, our conclusion that Pleistocene events had a profound impact on the phylogeographic architectures of extant species is hardly novel (see, for example, Hewitt 1996) . However, the current ¢ndings assume enhanced signi¢cance in light of the deeper evolutionary separations reported by Klicka & Zink (1997) for most pairs of avian sister species. According to these authors, phylogenetic separations leading to most of the extant sister species of birds were initiated in the Pliocene, whereas current analyses suggest that pronounced phylogeographic separations within avian species usually occurred within the last two million years. These outcomes mesh and, with hindsight, might have been anticipated: if species separations tend to be older than population separations, then most species-level divergences must have been initiated prior to the Quaternary to accommodate (time-wise) Pleistocene e¡ects on the phylogeographic structures of conspeci¢c avian populations.
In the RFLP and cyt b analyses, the most recent phylogeographic splits date to about 200 000 years ago (table 1) . However, a severe bias operates against the detection of later population separations. In a typical assay, about 500 bp of mtDNA sequence were monitored. Under a standard mtDNA clock, only about one nucleotide substitution in a sequence of this length is expected to distinguish two matrilines that separated 100 000 years ago. Yet, at least three or four substitutions (uncompromised by homoplasy in the broader data) are required for robust statistical support of a putative clade in most phylogenetic analyses (Felsenstein 1985) . Thus, available data cannot rule out the possibility that late-Pleistocene events also initiated many avian phylogeographic separations that remain undetected with conventional laboratory e¡orts.
In the current summary, Latin binomials from the original mtDNA publications were employed. Subsequent revisions (motivated in part by mtDNA ¢ndings) have sometimes altered these taxonomic assignments. For example, the two phylogeographic forms of the sharptailed sparrow now are a¡orded species status, as are those (table 1) of the rufous-sided towhee (AOU 1995) . Whether such main phylogeographic units are deemed taxonomic species, subspecies, or populations, the lineage separations leading to these distinctive forms frequently date to the Pleistocene.
(b) Speciation as an extended temporal process
Our use of`net' sequence divergence between mtDNA phylogroups is an attempt to correct for withinphylogroup diversity of mtDNA lineages. The procedure subtracts mean within-group variation from betweengroup di¡erences, and thereby counteracts a tendency for splits in an mtDNA gene tree to predate population separations. What are the e¡ects of analogous corrections applied to genetic distances between species? Mean distances between phylogroups (rather than intraspeci¢c distances overall) provide a novel and relevant perspective. Main phylogeographic units are the likely evolutionary wellsprings of further evolutionary di¡eren-tiation potentially leading to new species, and they are only one (rather than two) hierarchical level below the species category to which the correction is applied.
For the intraspeci¢c phylogroups in table 1, mean mtDNA sequence divergence is 0.027 (clock translation: about 1.4 million years), a value 3.8 times higher than the intraspeci¢c correction factor suggested by Klicka & Zink's (1997) interpretation of Edwards (1997) . When this modi¢ed correction is subtracted from the betweenspecies distance estimates, an additional 14 sister-species pairs are`bumped' su¤ciently to the left in ¢gure 2a such that their inferred separations fall within the Pleistocene, and about ten other species pairs with previously inferred mid-or late-Pleistocene origins now have separation times indistinguishable from zero. This does not mean that speciations were initiated at these later times, but it does suggest that speciations were not completed much before then.
We interpret these results as follows. If, as Klicka & Zink (1997) suggest, Pliocene biogeographic-sundering agents on avian populations were at least as e¡ective as those that were operative during the Pleistocene, then many species entering the Pleistocene epoch would have already been separated into distinctive intraspeci¢c phylogeographic units (as are many extant bird species today). Such units would be likely candidates for subsequent evolutionary divergence during the Quaternary, eventually achieving a level of di¡erentiation currently recognizable as taxonomic species.
Thus, if avian speciation is viewed properly as a gradual process rather than a point event in time, then Quaternary biogeographic factors must have been of considerable importance in promoting extensions of phylogeographic di¡erences that often were initiated earlier (otherwise, the still-conspeci¢c forms alive at that time would have gone extinct or reintegrated into single lineages). Population separations potentially leading to new species arise continually within any species that is not panmictic. The salient question is whether the Pleistocene was a key period of time with respect to fostering continued di¡erentiation of avian populations to the species level. The mtDNA data are consistent with a main role for Pleistocene e¡ects on related avian forms, but the current analyses have not determined whether the Pleistocene was unusual in these respects compared with other similar-length geological episodes.
Perhaps the primary biological signi¢cance of molecular ¢ndings on closely related avian taxa concerns not species'`origination' times per se, but rather the extended temporal durations of the avian speciation process. Evolutionary times associated with sequence divergences between main intraspeci¢c phylogroups (¢gure 2b) and between sister species (¢gure 2a) can be interpreted as minimum and maximum durations, respectively, of the avian speciation process. Thus, both the review by Klicka & Zink (1997) and the current summary are consistent with (and combine to support) the notion that avian population divergences leading to species-level taxonomic recognition often entail substantial evolutionary time. Even if the minimal estimates of speciation durations obtained from extant faunas (¢gure 2b) apply also to the past, then many avian speciations initiated in the Pliocene must have continued as an extended process well into the Pleistocene.
(c) Conclusion
In summary, it is premature to dismiss Pleistocene biogeographic factors as important players in recent avian evolution, including extended speciation processes.
Avian Pleistocene phylogeography J. C. Avise and D.Walker 461 At intraspeci¢c levels in existing taxonomies, Pleistocene in£uences on the phylogeographic architectures of extant populations clearly were profound. For avian taxa now recognized as sister species, Pleistocene environments must have permitted or facilitated continued di¡erentia-tion of phylogeographic populations whose separations often had been initiated earlier.
In two million years hence, the Pleistocene might be viewed as a time of active population di¡erentiation that led to many speciations, but this will depend primarily on whether environmental conditions over the next two million years are conducive to fostering the survival and continued evolutionary divergence between the intraspeci¢c phylogeographic assemblages so evident in many of today's avifauna. Such`sliding-window' perspectives on the temporal framework of biological di¡erentiation apply with equal force to the past. When viewed from contemporary time, the Pleistocene now can be appreciated as having played a primary role in sponsoring phylogeographic di¡erentiation within many avian species, and also in further sculpting incipient phylogeographic variety into extant forms recognizable as today's sister taxonomic species. (table  1) . In the latter histogram, two values derived from rapidly evolving control region sequences were adjusted (tenfold) to be consistent with the whole mtDNA estimates otherwise depicted.
